Introduction
============

Potassium channels are essential for numerous physiological processes, and are involved in a number of disorders, including cardiac arrhythmias, neuronal diseases (episodic ataxia, neurodegeneration), and renal disease (Bartter's syndrome).[@b1-btt-6-465] A number of small molecules with the ability either to block or to open specific types of potassium channels have been identified, and may be potential drugs for treatment of a number of diseases.[@b2-btt-6-465] In addition, a number of peptides derived from venom of the scorpion (see below), snakes (dendrotoxin), spiders (hanatoxin, SGTx), snails (conotoxins), and the honey bee (apamin, tertiapin) have been identified as being highly selective blockers of a number of ion channels. Scorpion toxins with the ability to block potassium channels include: charybdotoxin and iberiotoxin, affecting Slo1 channels; margatoxin and agitoxin, modulating Kv1.3 channels; and scyllatoxin and tamapin, affecting Slo1 channels.[@b3-btt-6-465] In general, peptide toxins (about 20--60 amino acids in length) have high selectivity and bind to relatively large external motifs of potassium channels in contrast with small molecules (molecular weight 200--500), which normally occlude the inner pore.[@b2-btt-6-465] However, due to differential expression of the numerous potassium channels in distinct cell types and even in specific regions inside cells, development of modulators constitutes a challenge for both academia and pharmaceutical companies.

Slick (Slo2.1) and Slack (Slo2.2) are potassium channels encoded by the Slo gene family of high-conductance potassium channels. In contrast with Slo1 channels, Slick and Slack channels are not activated by Ca^2+^, but by Na^+^ and Cl^−^.[@b4-btt-6-465] Furthermore, Slick channels are also inhibited by adenosine triphosphate (ATP).[@b5-btt-6-465] Both channels have been found to be widely distributed in the central nervous system and apparently in cardiac myocytes.[@b6-btt-6-465],[@b7-btt-6-465] Given these characteristics, together with their low voltage sensitivity, Slick and Slack channels most likely play an important role in tuning of the resting potential and basal excitability in neurons. The importance of channels setting the resting membrane potential seems to increase during episodes of hypoxia, when the intracellular Na^+^ concentration rises due to failure of Na^+^/K^+^-ATP~ase~. The protective role these channels may have during hypoxia is supported by the fact that mutations of the Slack ortholog in *Caenorhabditis elegans* result in animals that are hypersensitive to hypoxia.[@b4-btt-6-465] In addition, it has been shown that Slack channels are activated by estradiol, a fact that could account for estradiol-dependent neuroprotection in ischemia.[@b8-btt-6-465] Together, these observations raise the possibility that Slick and Slack channels could be used therapeutically as drug targets. Additionally, identification of pharmacological agents targeting these channels will result in important tools for the study of the physiological significance of Slick and Slack channels in different tissues and organs. However, at present, knowledge concerning the pharmacology of Slick and Slack channels is limited, and no specific pharmacological agents targeting Slick and Slack potassium channels have been identified. For Slack channels, antiarrhythmic drugs like quinidine and bepridil have been found to act as inhibitors, and bithionol, an antiparasitic compound, is an activator of Slack channels as well as Slo1 channels.[@b9-btt-6-465] In addition, it was recently found that niflumic acid and loxapine, an antipsychotic drug, activate Slick and Slack channels, respectively.[@b10-btt-6-465],[@b11-btt-6-465] The present work constitutes a first approach towards analyzing the effect of clofilium, a potent antiarrhythmic compound, on Slick and Slack channels. A number of other well known ion channel modulators were also screened for a potential effect.

Materials and methods
=====================

Heterologous expression of Slick and Slack channels in *Xenopus laevis* oocytes
-------------------------------------------------------------------------------

Preparation of *Xenopus laevis* oocytes was performed as previously described by Grunnet et al.[@b12-btt-6-465] hSlick and rSlack cDNA cloned into a pOX vector (kindly provided by L Salkoff) was linearized with NotI (New England Biolabs, Ipswich, MA). mRNA was obtained by in vitro transcription using a mMessage mMachine kit (Ambion, Carlsbad, CA) according to the manufacturer's instructions. RNA was extracted using a MEGAclear kit (Ambion). Next, 50 nL containing approximately 10 ng of Slick or Slack mRNA was injected into the oocytes, which were cultured in Kulori medium (90 nM NaCl, 1 mM KCl, 1 mM MgCl~2~, 1 mM CaCl~2~, 5 mM HEPES, pH 7.4) at 19°C for 4--5 days prior to our experiments.

Electrophysiological measurements and screening for Slick and Slack blockers
----------------------------------------------------------------------------

Expression of Slick and Slack channels was verified by measuring current flow through the channels using a two-electrode voltage clamp amplifier (Warner Instruments, Novarto, CA). Oocytes were impaled with electrodes pulled from a micropipette puller (P-97, Sutter Instruments, Novato, CA) and filled with 1 M KCl (resistance about 0.5--1.5 mΩ). Currents were measured either by a stepwise protocol, ie, 500 msec depolarizations from −100 to +80 mV (holding potential −80 mV for 4 seconds) or by a pulse protocol, ie, 500 msec depolarizations from −80 to +80 mV (holding potential −80 mV for 3 seconds).

In order to screen for compounds able to modulate the activity of Slick and Slack channels, 38 potassium channel blockers (Alomone, Jerusalem, Israel) were dissolved in bath solution (Kulori) immediately before the experiments were conducted. Currents were measured before and after treatment. The compounds tested were E-4031 (10 μM), recombinant margatoxin (300 nM), mast cell degranulating peptide (10 μM), δ-dendrotoxin (1 μM), dendrotoxin K (1 μM), dendrotoxin-I (1 μM), recombinant BeKm-1 (500 nM), recombinant Aa1 (1.3 μM), BDS-I (1.06 μM), BDS-II (1.05 μM), recombinant argitoxin-1 (500 nM), recombinant argitoxin-2 (500 nM), recombinant argitoxin-3 (500 nM), sApamin (10 μM), γ-dendrotoxin (1 μM), α-dendrotoxin (2 μM), recombinant charybdotoxin (500 nM), recombinant tityustoxin Kα (300 nM), β-dendrotoxin (2 μM), recombinant ergotoxin (500 nM), recombinant hongotoxin-1 (955 nM), recombinant OsK (500 nM), recombinant kaliotoxin-1 (500 nM), Lq2 (300 nM), recombinant maurotoxin (600 nM), recombinant noxiustoxin (1 μM), phrixotoxin-2 (1 μM), recombinant scyllatoxin (500 nM), recombinant stichodactyla toxin (500 nM), recombinant stromatoxin (1.32 μM), recombinant tertiapin Q (1 μM), recombinant tapamin (1 μM), recombinant tertiapin (1 μM), recombinant Heteropodatoxin-2 (1 μM), recombinant iberiotoxin (500 nM), paxiline (5 μM), penitrem A (5 μM), and verruculogen (5 μM). Paxiline, penitrem A, and verruculogen were dissolved in dimethyl sulfoxide to prepare stocks and then further diluted to final concentrations in Kulori medium. Dimethyl sulfoxide did not exceed 0.01% in the final solutions used. The solvents used in the present study did not affect currents through Slick or Slack channels. All the blockers were tested at the highest reasonable concentration. The tested concentrations were at least one order of magnitude higher than the effective concentration previously described for each blocker on specific potassium channels.

The effect of the antiarrhythmic compound clofilium was tested at 0.01, 0.1, 10, and 100 μM. Clofilium was directly dissolved in Kulori medium prior to application to oocytes expressing Slick or Slack channels. Currents were measured before and after application of treatment. Current values from endogenous channels of noninjected oocytes were subtracted from currents measured for oocytes expressing Slick and Slack channels. The expression of normalized current as a function of drug concentration allowed fitting the dose-response curves with a Hill equation, using a nonlinear regression analysis on GraphPad Prism 5^®^ (Windows GraphPad software, San Diego, CA). The data are shown as the mean and the standard error. A higher concentration of clofilium was also tested, but was not included in the dose-response curves due to the possibility of nonspecific effects on the targeted channels.

Data acquisition and analysis were performed using the following packages: pClamp^®^ (Molecular Devices, San Jose, CA), GraphPad Prism 5^®^, and Microsoft Excel^®^. Sequences of Slick, Slack, and hERG channels were analyzed using the CLC Main Workbench 6.5 (Cambridge, MA). Sequences were aligned at the pore region and S6 transmembrane segment in Slick, Slack, and hERG channels. Conservation of residues was evidenced by sequence logos.

Results
=======

Effect of clofilium on Slick and Slack channels
-----------------------------------------------

The effect of clofilium on Slick and Slack potassium channels expressed in *X. laevis* oocytes was analyzed using a two-electrode voltage clamp. [Figure 1A and B](#f1-btt-6-465){ref-type="fig"} shows Slick and Slack currents measured before (black) and after (red) application of 100 μM clofilium. As evident from the current traces, clofilium was able to reduce the activity of Slack channels with a stronger potency compared with its effect on Slick channels. The blocking effect of clofilium on Slick and Slack channels was readily reversible upon washing with the culture medium (data not shown). In the experiments shown in [Figure 1C and D](#f1-btt-6-465){ref-type="fig"}, we examined the effect of clofilium on channel kinetics, and it can be seen that clofilium slows the activation kinetics of both channels.

To determine the affinity of clofilium, we plotted currents through Slick and Slack channels upon application of increasing concentrations of clofilium ([Figure 2A and B](#f2-btt-6-465){ref-type="fig"}). Concentrations of clofilium up to 10 μM did not exert any significant blocking effect in either Slick or Slack channels. However, at a concentration of 100 μM, clofilium was able to inhibit currents through Slick and Slack channels to 75% ± 1% and 51% ± 3% of control values, respectively. As a consequence, the effect of this compound is more potent on Slack channels than on Slick channels,indicating that Slack channels are probably significantly more sensitive than Slick channels to clofilium.

Screening of potassium channel blockers for Slick and Slack
-----------------------------------------------------------

Since knowledge of the pharmacology of Slick and Slack channels is sparse, a set of well known blockers, covering most potassium channels in the genome, was tested to determine their effect on Slick and Slack channels. A total of 38 compounds, including toxins and small peptides, were used for this purpose. Some of the potassium channel blockers tested have been previously shown to have a potent effect on other related potassium channels, eg, iberitoxin and charybdotoxin in Slo1 channels,[@b13-btt-6-465],[@b14-btt-6-465] and apamin and scyllatoxin in SK channels. Furthermore, blockers of Kir channels and Kv channels, such as tertiapin, agitoxins, dendrotoxins, and margatoxin, which are known to block these channels at nanomolar doses, were also tested. None of the tested compounds was able to significantly modulate the activity of Slick or Slack channels to a significant extent ([Figure 3](#f3-btt-6-465){ref-type="fig"}).

Discussion
==========

The use of channel blockers or openers are important tools in order to be able to understand better the roles Slick and Slack channels may play under physiological and pathophysiological conditions. The present study provides evidence for the effect of clofilium on Slick and Slack potassium channels. We observed that both channels are inhibited after treatment with clofilium, and the effect of this compound seems to be more potent on Slack than Slick channels. Our experiments also show that clofilium affects channel kinetics, resulting in slower activation of both Slick and Slack channels as compared with controls. The slower gating behavior probably underlies the progressive blocking action of clofilium of open channels and a slower onset of channel inhibition, as has been suggested for hERG and hEAG channels.[@b15-btt-6-465]

Clofilium has been shown to block a number of potassium channels with different potency, including hERG (IC~50~ 2.5 nM), hEAG (IC~50~ 255 nM),[@b15-btt-6-465] Kv1.5 (IC~50~ 840 nM),[@b16-btt-6-465] and KCNQ1-KCNE1 (IC~50~ about 100 μM),[@b17-btt-6-465],[@b18-btt-6-465] and recently another member of the high-conductance potassium channel family, ie, the Slo3 channel.[@b19-btt-6-465] Within the Slo gene family, clofilium blocks Slo3 channels in micromolar concentrations (IC~50~ 50 μM),[@b19-btt-6-465] whereas it does not seem to affect Slo1 channels.[@b20-btt-6-465] In our hands, clofilium 100 μM blocked 50% of currents through Slack channels, whereas the same concentration blocked Slick channels to 70% of control levels. Consequently, these members of the Slo2 gene family, despite being highly related in structure and localization, have different sensitivity for this potent antiarrhythmic agent. Given that relatively high doses of clofilium were needed to block these channels, clofilium should not be regarded as a specific blocker of Slick and Slack channels. However, it should be borne in mind that during treatment with this compound, not only hERG and hEAG channels are potently affected, but other channels such as KCNQ1/KCNE1, Slick, and Slack could also be affected. It is noteworthy that clofilium blockade in *X. laevis* oocytes needs doses at least 10 times higher to have a visible effect on hERG channels compared with mammalian cells.[@b15-btt-6-465] In addition, Gessner and Heinemann[@b15-btt-6-465] have suggested that the effective concentration of clofilium in cytoplasm is several orders of magnitude lower than that outside the cell. Furthermore, Malayev et al[@b16-btt-6-465] have reported that clofilium block on Kv1.5 channels is more than two-fold stronger when applied from the intracellular side. Consequently, it is possible that lower doses of clofilium could exert a stronger effect on Slick and Slack channels expressed in mammalian cell lines and/or when applied as inside-out patches.

It has been shown that certain residues in the pore helix and the S6 transmembrane segment of hERG channels are involved in the interaction with clofilium.[@b21-btt-6-465] In an attempt to suggest possible interaction sites of clofilium with Slick and Slack channels, we performed a sequence alignment between these channels and hERG. The alignment revealed residues which could be involved in the interaction of clofilium with Slick and Slack channels. The alignment showed a highly conserved valine at the selectivity filter, together with a residue in the S6 segment, namely phenylalanine, at position F274 for Slick and F327 for Slack, which could probably be involved in the interaction of clofilium with these channels, given that these residues have been shown to bind clofilium in hERG channels ([Figure 4](#f4-btt-6-465){ref-type="fig"}). Other residues of hERG channels have also been related to clofilium interaction, ie, threonine T623, serine S624, and tyrosine Y652. However, these residues are not highly conserved between Slick, Slack, and hERG channels ([Figure 4](#f4-btt-6-465){ref-type="fig"}), and it could be speculated that this is the reason for the difference in clofilium sensitivity.

In a search for pharmacological agents affecting Slick and Slack channels, a screen of a series of commonly used potassium channel blockers was performed. Among the 38 compounds used, between toxins and small peptides, none of them was able to modulate the activity of Slick or Slack channels to a significant extent. This is the first report that provides evidence from a basic screen of different potassium channel blockers on Slick and Slack channels. Like every first screen, it constitutes a starting point towards unveiling the pharmacological characteristics of these channels. Further research is needed to identify potent and, in the best case, specific blockers of Slick and Slack channels.

Conclusion
==========

The present study aimed to elucidate the pharmacological characteristics of Slick and Slack high-conductance potassium channels. We were able to identify clofilium as a modulator of the activities of these channels. We suggest that the potent effect of clofilium as an antiarrhythmic could be explained by its action on different potassium channels, in which Slick and Slack may be implicated. We have also presented evidence of other potassium channel blockers not having a significant effect on Slick or Slack channels. It will be interesting in future experiments to tailor small peptides according to the structure of the channels to act as specific blockers for either of these channels.
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![Effect of clofilium on Slick and Slack potassium channels. Upper panels show current traces of representative *Xenopus laevis* oocytes expressing either Slick (**A**) or Slack (**B**) channels before (black) and after (red) treatment with clofilium 100 μM. Currents were stimulated by a pulse protocol with 500 msec depolarizations from −80 to +80 mV from a holding potential of −80 mV for 3 seconds. Activation kinetics of Slick (**C**) and Slack (**D**) in representative oocytes are shown in the lower panels.\
**Notes:** Recorded currents were normalized to maximal current in each experiment. Currents measured in uninjected oocytes were \<0.150 μA.](btt-6-465f1){#f1-btt-6-465}

![Dose response of Slack and Slick channels upon treatment with clofilium. Oocytes expressing Slick (**A**) or Slack (**B**) channels were exposed to different concentrations of clofilium (0.01--100 μM). K^+^ currents were measured at the end of depolarizing steps of a pulse protocol (500 msec depolarizations from −80 to +80 mV, holding potential −80 mV for 3 seconds). Inhibition curves upon application of increasing doses of clofilium for Slick (**A**) and Slack (**B**) expressing oocytes have IC~50~ values shown together.\
**Note:** n = 4--8 ± standard error.](btt-6-465f2){#f2-btt-6-465}

![Effect of different K^+^ channel blockers on Slick and Slack channels.\
**Notes:** A set of 38 potassium channel blockers were applied to oocytes expressing Slick and Slack channels. Currents were measured before and after treatment by a stepwise protocol (−100 to +80 mV, from a holding potential of −80 mV and depolarizing steps of 500 msec every 3 seconds). Bars represent relative currents at the end of the +80 mV step. Compounds tested were E-4031 (10 μM), recombinant margatoxin (300 nM), mast cell degranulating peptide (10 μM), δ-dendrotoxin (1 μM), dendrotoxin K (1 μM), dendrotoxin-I (1 μM), recombinant BeKm-1 (500 nM), recombinant Aa1 (1.3 μM), BDS-I (1.06 μM), BDS-II (1.05 μM), recombinant argitoxin-1 (500 nM), recombinant argitoxin-2 (500 nM), recombinant argitoxin-3 (500 nM), sApamin (10 μM), γ-dendrotoxin (1 μM), α-dendrotoxin (2 μM), recombinant charybdotoxin (500 nM), recombinant tityustoxin Kα (300 nM), β-dendrotoxin (2 μM), recombinant ergotoxin (500 nM), recombinant hongotoxin-1 (955 nM), recombinant OsK (500 nM), recombinant kaliotoxin-1 (500 nM), rLq2 (300 nM), recombinant maurotoxin (600 nM), recombinant noxiustoxin (1 μM), phrixotoxin-2 (1 μM), recombinant scyllatoxin (500 nM), recombinant stichodactyla toxin (500 nM), recombinant stromatoxin (1.32 μM), recombinant tertiapin Q (1 μM), recombinant tapamin (1 μM), recombinant tertiapin (1 μM), recombinant Heteropodatoxin-2 (1 μM), recombinant iberiotoxin (500 nM), paxiline (5 μM), penitrem A (5 μM), and verruculogen (5 μM).](btt-6-465f3){#f3-btt-6-465}

![Potential residues involved in the interaction of clofilium with Slick and Slack channels and sequence alignment for the pore helix through the S6 transmembrane segment of Slick, Slack, and hERG channels.\
**Notes:** The blue box indicates the selectivity filter. The red boxes and red arrows indicate two residues (valine and phenylalanine) that have been shown to interact with clofilium in hERG channels and are conserved in Slick and Slack. Black boxes and stars indicate three residues (threonine, serine, and lysine) that have been shown to interact with clofilium in hERG channels but are not conserved in Slick and Slack. The relative positions of the pore helix and S6 are also indicated.](btt-6-465f4){#f4-btt-6-465}
